Skeletal mandibular hypoplasia (SMH), a common type of craniofacial deformities, can cause serious complications by causing airway obstructions, gastric disturbance, immune deficiencies and delayed developmental growth. [1] [2] [3] The development of facial morphology is influenced by both congenital factors and epigenetic factors. 
metabolism, the immune response 6 and bone remodeling. 7 The circadian clock is involved in the regulation of bone development and bone homeostasis. Molecules associated with osteoblast differentiation are under circadian control, and genes involved in mineral deposition occur in a circadian pattern. [7] [8] [9] [10] Brain and muscle ARNT-like1 (BMAL1) is the core and irreplaceable component of the circadian molecular oscillator, playing critical roles in the regulation of bone resorption 11 and bone formation. 12 William et al found that femoral bone mass was significantly reduced in BMAL1-knockout mice and that osteogenic differentiation was decreased in bone marrow stromal cells (BMSCs). 12 BMAL1 also affected nucleus pulposus cells and regulated the bone mass of intervertebral discs, which is closely linked with disc height. 13 However, whether BMAL1 disturbance could lead to mandibular deformity remains unknown.
Bone development and bone homeostasis are tightly regulated by hormones either systemically or by factors locally secreted by either osteoblasts or osteoclasts, such as leptin, bone morphogenetic
proteins (BMPs), osteoprotegerin (OPG) and RANK ligand (RANKL).
Systemic leptin causes a shift in mesenchymal stem cell (MSC) lineage and results in decreased osteogenesis. 14 BMPs promote osteogenesis as growth factors. 15 OPG is a member of the tumour necrosis factor receptor superfamily that inhibits the formation and maturation of osteoclasts by preventing RANKL interaction with its receptor RANK, which plays a critical role in osteoclastogenesis. 16 OPG-deficient mice develop early-onset osteoporosis. 17, 18 In contrast, OPG overexpression suppresses bone resorption and increases bone mass in transgenic mice. 19 Additionally, OPG-deficient male mice can serve as a model for studying severe alveolar bone loss. 18 We previously deployed a protein chip analysis and found that OPG expression in the mandible was decreased significantly in
Bmal1
−/− mice compared with wild-type mice. 20 In the current study, we found that BMAL1 and OPG ex- 
| Animals
C57BL/6J mice were purchased from the Beijing HFK Bioscience Co., 
) and
Bmal1 deficiency was confirmed by PCR as described by Bunger et al. 21 
| Study approval
Human mandible specimens were acquired from patients at Department of Stomatology, Union Hospital of Tongji Medical College, The transcription factor BMAL1 bound to the Opg promoter in MC3T3-E1 cells. Chromatin immunoprecipitation assays were performed using anti-IgG as a negative control. (E) Luciferase reporter assays were performed to measure the activities of the wild-type or mutated BMAL1-binding site at the Opg promoter in BMAL1-overexpressing or BMAL1-knockdown MC3T3-E1 cells. N = 3 independent experiments, data represent the mean ± SD, *P < .05, **P < .01, ***P < .001. Analysis of variance with Tukey's post-hoc test was used 
| Other methods
For other Material and methods, please see Data S1.
| Statistical analysis
All statistical analyses were performed using spss 17.0 (spss, Chicago, IL, USA). The two-tailed, unpaired Student's t test was used to analyse differences between groups. P values were considered significant at <.05.
| RE SULTS

| Circadian dysrhythmia may be involved in the pathogenesis of skeletal mandibular hypoplasia
The circadian clock plays a key role in the regulation of bone development and bone homeostasis. 12 To determine the correlation between circadian clock and mandible development, we measured the expression levels of clock genes in human mandibular tissues and found that, in general, the protein levels of BMAL1, CLOCK, PER1, PER2 and CRY2
were changed obviously in SMH patients. 20 The core circadian molecular oscillator BMAL1 is essential for circadian pace making, which was lower in the mandibular tissues of SMH patients than in normal controls. OPG is a member of the tumour necrosis factor receptor superfamily that inhibits the formation and maturation of osteoclasts. We also found that OPG protein expression was concomitantly decreased in SMH patients ( Figure 1A ,B). These data suggest that the expression disruption of BMAL1 and OPG may be involved in SMH formation.
| Circadian dysrhythmia contributes to skeletal mandibular hypoplasia and OPG expression decreased correspondingly
Our data showed that the expression levels of clock genes were changed significantly in the mandibles of SMH patients, indicating that circadian dysrhythmia could be involved in the pathogenesis of SMH. To determine the role of circadian dysrhythmia in SMH formation, we constructed a jet lag mouse model in which mice were under shifting light-dark cycles of 6-h light advance every week for 4 or 8 weeks (Figure 2A) . We examined the expressions of clock genes in mandibular specimens from jet lag group at several time points, and we confirmed that the circadian rhythm of jet lag mice was indeed disrupted ( Figure S1 ). The mandibles of jet lag mice were significantly smaller than those of the normal group visually ( Figure 2B ). The heights of the mandibular ramus and the coronoid process were also reduced. Micro-computed tomography (CT) and three-dimensional 
| BMAL1 knockout leads to decreased OPG expression
To determine whether Bmal1 regulates OPG expression, we knocked down BMAL1 in murine BMSCs (mBMSCs) and MC3T3-E1 cells, and found that OPG proteins were highly downregulated. In BMAL1-overexpressing mBMSCs and MC3T3-E1 cells, OPG proteins were clearly upregulated ( Figure 4A,B) . Immunofluorescence revealed that OPG expression was decreased in BMAL1-knockdown MC3T3-E1 cells ( Figure 4C) . Similarly, the levels of secreted OPG were reduced in the supernatant of BMAL1-knockdown mBMSCs and MC3T3-E1 cells ( Figure 4D ).
| OPG is involved in the pathway cascade of BMAL1 regulation on osteoclast differentiation
To investigate the effects of reduced OPG expression on osteoclast differentiation, we co-cultured RAW 264.7 cells with BMAL1-knockdown mBMSCs (or BMAL1-knockdown MC3T3-E1 cells), and found that osteoclast differentiation was enhanced compared to cells co-cultured with control mBMSCs (or control MC3T3-E1 cells) ( Figure 5A,B) . Additionally, the levels of OPG in the supernatant were lower in RAW 264.7 cells co-cultured with
BMAL1-knockdown mBMSCs (or BMAL1-knockdown MC3T3-E1
cells) ( Figure 5C ). Next, we determined that the enhancement effect of osteoclast differentiation caused by BMAL1 knockdown was significantly reversed by exogenous supplementation with OPG ( Figure 5A ,B).
| BMAL1 upregulates OPG expression by directly binding to the Opg promoter
As a widely acknowledged transcription factor, BMAL1 exerts its function by activating the transcription of its downstream target genes. 22 To explore how BMAL1 regulates OPG expression, we predicted the BMAL1 binding site in the promoter of Opg, and chromatin immunoprecipitation (ChIP) was performed in MC3T3-E1 cells. The ChIP assay revealed that BMAL1 selectively bound to the promoter of Opg at putative E-box (CACGTG) site ( Figure 5D ). We then used luciferase assays to test whether BMAL1 could alter Opg transcriptional activity. The luciferase assay revealed that BMAL1 directly activated the Opg promoter, whereas the activation effect was abolished when the BMAL1-binding site was mutated or when BMAL1 was knocked down ( Figure 5E ).
| Supplemental OPG mitigates skeletal mandibular hypoplasia caused by BMAL1 knockout
Based on these observations, we further explored the prevention potential of OPG for SMH. 4-week-old male mice were given intraperitoneal injections of OPG (30 mg/kg, twice a week, 6 weeks).
Micro-CT analyses of the mandibles showed that treatment with the OPG significantly increased BV/TV, Tb.Th and BMD (Figure 6A ,B; Figure S3 ). In addition, the osteoclast number (N.Oc/B.Pm) was significantly suppressed by OPG administration (Figure 6C,D) . Taken together, our results suggest that OPG may be a potential prevention approach for SMH caused by Bmal1 knockout. In bone tissue, OPG competitively binds to RANKL, thereby blocking RANKL binding to RANK on osteoclast precursor cells, the only known receptor for RANKL, thus inhibiting osteoclast differentiation and maturation. 16 OPG-overexpressing mice exhibit osteopetrosis via decreased osteoclast differentiation, while OPG-knockout mice are osteoporotic with decreased total bone density and a high incidence of bone deformities and fractures. 17 In our study, BMAL1
| D ISCUSS I ON
and OPG expression was lower in SMH patients than in normal controls, and mandibular OPG expression was significantly decreased in jet lag mice. Furthermore, concomitant decreased OPG expression was present in the mandibular tissues of Bmal1 −/− mice throughout the entire growth period, and osteoclast differentiation was significantly promoted in the mandibles of Bmal1 −/− mice. These findings suggest that OPG is a key factor in BMAL1 deficiency-mediated
SMH.
BMAL1 is the core component of the circadian molecular oscillator because it is essential for circadian behavior, 21 and the absence of BMAL1 will result in expression disorders of other clock genes in the circadian clock system. BMAL1 is a basic helix-loop-helix PAS domain transcription factor that exerts its function by binding to the Collectively, our data demonstrate that the circadian rhythm is closely associated with mandible development, and that circadian dysfunction can induce SMH formation by decreasing OPG expression. BMAL1 directly interacts with the Opg-binding site to stimulate
Opg transcription and suppresses osteoclast differentiation. The results of our study will enhance our understanding of the aetiology of SMH, thereby providing us with a better understanding of the molecular targets for prevention and therapeutic approaches. OPG may serve as an important target molecule for the prevention of SMH caused by circadian dysrhythmia. ).
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